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Abstract 
Computational intelligent systems play a major ro le in enhancing the safe operation of the nuclear 
reactor. In Prototype Fast Breeder Reactor (PFBR) nearly 15000 process signals are digit ized by 
physically  and functionally  distributed embedded systems.  Dig itized signals are processed and relevant 
informat ion is displayed through large video display systems at control room.  It is necessary that 
correct and reliable informat ion need to be provided to the plant operator for efficient plant monitoring 
and control.  The paper explains the features of four such systems namely on-line validation of 
neutronic power channel through on-line thermal balance calculation, detection of anomalous reactivity 
addition through on-line react ivity balance computation, on-line computation of reactor power from 
fluctuations of core thermocouple signals and detection of flow blockage in fuel subassemblies. 
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1. Introduction  
    The revolution in computer science and technology has brought in a paradigm shift in the deployment 
of computers in industries and power plants. Process monitoring through plant control rooms has seen a 
vast change and at present distributed digital control system along with data acquisition systems and 
computational intelligent systems have started playing a lead ro le in  plant monitoring & control. 
Deployment of computer based real time plant simulators for operator training is a reality today. This 
paper discusses about the role of computational intelligent systems for Prototype Fast Breeder Reactor 
(PFBR) in plant monitoring and control. 
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1.1. Brief description of Prototype Fast Breeder Reactor (PFBR) 
    PFBR is a 500 MWe capacity, pool type reactor utilizing  sodium as the main  heat transport medium. 
The reactor core consists of fuel sub assemblies (SAs) made up of Uranium, Plutonium Mixed Oxide 
fuel. The heat transport system consists of primary sodium circuit, secondary sodium circuit and steam 
water system. Liquid  sodium is used for removing  heat from the reactor core. The heat generated in  the 
core is removed by the primary heat transport system which transfers the heat to the secondary heat 
transport system which is in turn used to produce steam in the steam generator of once through type to 
drive the turbine generator to produce 500 MWe power. The flow diagram of PFBR is shown in Fig.1. 
1.2. Role of computational intelligence in PFBR  
    W ith the advent of computer science and technology, the role of computers has been redefined in 
many fronts of engineering and technology and especially in plant control and monitoring. The real 
time computations with increased reliability have started replacing the old analogue systems with more 
user friendly d igital indications and Human Machine Interfaces. The areas where computational 
intelligence is predominantly used include reactivity balance calculations, monitoring of coolant flow in  
fuel sub assemblies, thermal power balance calculation etc. 
2. Reactivity balance calculation 
    The term react ivity balance denotes the listing of positive and negative contributions to the reactivity 
of reactor with reference to the state of the reactor. Part icularly for fast reactors, reactivity balance 
computation is the powerful tool to monitor the state of the active zone of the reactor. The principle 
involved in reactivity balance computation is to solve the balance equation for the reactivity caused by 
the anomalous phenomena in the active zone ( aU ) which is given as: 
 
 ( )= k iaU U U                       
 
 
Fig .1. PFBR Flow Sheet 
 
    where kU  is the reactivity obtained by solving the Point Kinetic Equation and ( )iU   is calculated  
based on the reactivity due to change in reactor parameters like the reactor  power , in let and outlet 
coolant temperatures, position of control rods etc. 
     The fo llowing paragraph details out the steps involved in the computation of reactiv ity balance for 
PFBR. The act ive core of PFBR contains 12 Absorber Rods (ARs) in two rings of six each for reactiv ity 
management and shutdown. Of the twelve AR, nine are designated as the Control and Safety Rods  
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(CSR) and the other three as the Diverse Safety rods (DSR). The absorber rods (AR) reactivity worth is 
provided in such a way that it is capable of providing  sufficient Shut Down Marg in (SDM) under 
normal shutdown. It is a general practice in  the reactor design to provide SDM of 10$ (1$= 357 pcm for 
PFBR ;     pcm=10-5Δk/k,where k is the mult iplication factor)  which ensures that prompt drop of power 
comes to the decay power level. Such a large marg in is also to ensure the safe shutdown of the reactor 
for all the postulated incidents.  In  PFBR during normal shutdown, a minimum SDM of 5000 pcm is 
provided. The worth of the CSR for different insertions into the core is shown in Fig.2. 
    Another important candidate which is designed to override many of the estimated  reactivity losses 
during reactor operation is the fuel enrichment. The nominal core configuration of PFBR consists of 
mixed oxide (PuO2-UO2) homogeneous two zone core with radial and axial blankets of depleted UO2. 
The active core consists of 85 FSA of lo w Pu enrichment (21.4 % PuO2 in UO2) in the central reg ion 
followed by 96 FSA of higher Pu enrichment (28.6 % PuO2 in UO2). The fuel enrichment provided in 
the core is required  to override the estimated reactiv ity losses during an operational cycle. An 
operational cycle represents three consecutive stages of the reactor core that is from the Beginning of 
the Life (BOL) of the core to the Beginning of Equilibrium Core (BOEC) and to the End of Equilibrium 
Core (EOEC). BOL represents the state of the core when all the FSA in the core are fresh. In the case of 
BOL state most of the FSA stays inside the core for three refuel cycles. The BOEC represents the state 
of the core in  which one-third of the core contains fresh FSA, another one-third  contains SA which has  
burned for one cycle and the other one-third contains FSA which  have burned for two cycles. EOEC 
represents the state of the core in  which one-third o f the core contains SA burned for one cycle, another 
one-third contains SA which has burned for two cycles and the remaining one-third contains FSA which  
have burned for three cycles. 
    Considering all the factors mentioned above, typical results obtained for the reactivity balance for 
PFBR is shown in the Table I. The temperature coefficient and static power coefficient are taken as -
2.18 pcm/K -0.709 pcm/ MWt respectively for the calculations.  
 
Table 1. Reactivity Balance Values for PFBR 
No                  Description  Value 
1 Reactivity added due to withdrawal 
of control rod 
[+8367 for 9 CSR and +3357 for 3 
DSR] 
+11724 pcm 
2 Shut down margin      -7276 pcm 
3 Reactivity added due to rise in 
sodium temp 
[ from cold shutdown at 473 K to 
zero power at 673 K x -2.18 pcm/K] 
     -523 pcm 
4 Reactivity added due to rise in 
power 
[ from zero power to full power  x   
-0.709 pcm/ MWt] 
  -1063 pcm 
5 Reactivity loss due to burn up per 
cycle 
[ 180 days in a cycle ] 
 -2862 pcm 
                                Net Reactivity          000 pcm 
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Fig.2.Differential and Integral Worth of CSR 
    Reactiv ity coefficient of power varies with irradiation of the fuel. In the case of PFBR, the reactiv ity 
coefficient of power changes from its in itia l value of -0.61 pcm/MWt at the Beginning of the Life 
(BOL) of the core to a higher magnitude value of -0.71 pcm/MWt at the End of Equilibrium Core 
(EOEC). The reason for this attributed to many complex factors like the change in fuel composition, 
fuel swelling and subsequent reduction in fuel-clad gap axial and radial expansion of fuel SA. The 
studies revealed that for PFBR, the major role is p layed by the fuel composition change . The overall 
behavior of reactivity  coefficients, that includes both temperature and power coefficients, at d ifferent 
operational stages of reactor core, is depicted in Fig.3. The reactivity coefficient values are of negative 
but only magnitudes are shown in the figure. 
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   Fig.3.Behavior of Reactivity Coefficients with Burnup 
 
    It is very d ifficu lt to p redict the power coefficient behavior analytically  because of the complexity  in  
fuel composition change and irregularity in fuel expansion. The concepts of Artificial Intelligence can  
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be applied for developing software systems which is capable of predicting the dynamic behavior of 
power coefficient with burnup. 
3. Thermal power balance 
    Thermal power balancing is done main ly to calibrate the neutron detectors used for measuring the 
neutronic power at various operational stages. The PFBR subsystems considered for the thermal power 
balance calculation include neutronics system, primary and secondary heat transport systems, the 
auxiliary circuits like sodium purification circuits, cooling circu its etc.  Here, the neutronic power 
generated by fission reaction is compared with  the thermal power across the core which  is found out by 
the thermal power balance calculat ion. This facilitates adjustments that are to be carried out in neutronic 
power measuring channel in order to improve the accuracy of neutronic power measurement. 
    Normally, the power balance calculation is carried out once in 2 weeks  at full power reactor 
operation.  It is also generally done after every  fuel handling operat ion at 90% power with neutronic 
channels calibrated. The basic functional units of PFBR involved in thermal power balance calculat ion 
are depicted in Fig.4. 
    The development of intelligent software systems for thermal power balance calculation is envisaged 
for the safe reactor operation. The suggested software system shall do the power balance calculation 
and continuously monitor as well as predict any such anomaly. 
3.1. Thermal power balance calculation 
    Computation of thermal power p roduced in the core cannot be carried  out based on measurements 
made in the rector core. This is due to the absence of individual subassembly flow measurement system 
and only 208 subassemblies are monitored for sodium temperature at  their outlets. Therefore, the rmal 
power balance is started from the steam generator side. Thermal power across SG is computed by 
calculating the increase in enthalpy to convert feed water entering SG to superheated steam. Parameters 
to be measured for computing thermal power across SG are feed water flow rate, temperature of feed 
water at the in let of SG and temperature of steam at outlet of SG. By adding heat losses in secondary 
and primary sodium circuits, power generated in the reactor can be computed. Heat added by primary  
and secondary sodium pumps are also taken into the calculat ion. Hence, thermal power across SG in  
steam-water circu it is used to calibrate neutronic channels and validate thermal rat ing of fuel, IHX and 
SG etc. Th is procedure is schematically depicted in Fig.4. Thermal power produced in the core can be 
estimated based on the following heat balance expression: 
 
Core SG PSP SSP P S RV TS SGDHRQ Q Q Q Q Q Q Q Q        Where 
QCore = Thermal power produced in the core 
QSG = Heat transferred across SG 
QPSP = Heat added due to primary sodium circulation 
QSSP = Heat added due to secondary sodium circulation 
QP = Losses in the sodium piping 
QS = Heat transferred to sodium purification circuits  
QRV = Heat transferred to reactor vault cooling system 
QTS = Heat transferred to top shield cooling system 
QSGDHR = Heat removed by SGDHR in stand by mode 
 
    Heat added by the pumping systems , QPSP and QSSP can be calculated based on power supplied to 
their respective motors and efficiency. Losses in the piping system can be computed based on 
measurements of flow rate in the circuit and temperatures at convenient location in the piping system 
using the following expression: 
 
Heat loss in piping = Sodium flow rate x Specific heat capacity of sodium x Temperature difference in 
coolant across the piping. 
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Fig.4.Thermal Power Balance 
    Heat transferred  to sodium purificat ion system (both primary and secondary), reactor vault cooling 
system and top shield cooling system can  be estimated on line based on the flow rate of coolants in  the 
respective systems and temperature rise of coolant in them. Heat lost through the safety grade decay 
heat removal system (SGDHRS) during its stand by mode of operation can also be evaluated based on 
the measurement of intermediate sodium flow rate and temperature rise in the sodium across the decay 
heat exchangers. Thus, based on various measurements made in the plant, online evaluation of thermal 
power produced in the core can be performed. 
    The various steps involved in thermal power calculation across the Steam Water System circu it are 
shown in the Fig.5. 
 
 
 
Fig.5.Power Balance of Steam Water System 
3.2. Common mode failure of neutron detection system 
    In one of the pressurized water reactors, leakage in the biological shield cooling system resulted in a 
common mode failure of all three neutron detection systems as they were located in the bio logical shied 
cooling area. The d isplayed value of reactor power was less than the actual value. That led to erroneous 
operation of reactivity control system which could have been avoided by cross checking the neutronic 
power with the computed thermal power using thermal power balance calculation. 
3.3. Computational intelligence in core monitoring system 
    PFBR core, with no  moderator, is very  compact so it  has a h igh power density as compared  to 
thermal reactors. If coolant flow is blocked, the clad temperature increases beyond design limits and  
Heat removed in 
Condenser 
(750 MW) 
Thermal power utilized 
in Turbo Generator  
(506.784 MW ) 
Steam  
Generator 
(1256.784MWt) 
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may lead to clad rupture and further to fuel melt down. Hence continuous monitoring of the core 
cooling and initiat ion of safety actions in case of any abnormal temperature rise in the core is  essential. 
The basic function of Core Temperature Monitoring System is to find coolant temperature change and 
initiate safety action. The core configuration of PFBR is shown in Fig.6. 
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Fig 6.PFBR Core Configuration 
    The Core Temperature Monitoring System (CTMS) calculates individual SA outlet temperature (θi), 
mean  core outlet  temperature (θm), deviation in mean core outlet temperature (∆θm) and Central SA 
outlet temperature (θCSA). It is envisaged to augment CTMS with computational intelligent software 
modules which will predict the degree and consequences  of SA flow b lockage in advance which leads 
to the safe shutdown of the reactor. 
4. Plugging detection by core temperature monitoring system 
    Plugging in fuel SA denotes flow blockage occurring in a subassembly leading to coolant flow 
reduction through the fuel subassembly. This in turn will result in increase in SA outlet temperature and 
temperature d ifference between the core inlet and outlet from the expected values. Normally, the 
temperature gradient across the core is maintained constant i.e. ∆t=150o C. 
4.1. Calculations involved 
    The actual rise in temperature across individual SA for normal flow can be calculated as follows: 
 
 = 
 .  
Power factor
d i
C Flow factor
T  
    where dθi represents temperature across individual SA , i represents the SA number in the core ( for 
PFBR the total number of fuel SA in the core is 181)  and C is a constant. 
Based on the percentage of flow blockage, the rise in temperature across each SA is calculated by 
multip lying the flow factor in the above equation with corresponding flow fraction. For example for 
10% flow blockage, the calculation is as follows:   
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Power factor
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C Flow factor
T          
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where iT  represents outlet temperature across individual SA, RIT is the reactor inlet  temperature, d iT   
is the actual rise in  temperature across individual SA, mT is the mean core outlet temperature, mT' is 
the mean temperature rise across the core and iGT  is the deviation in individual SA outlet temperature 
over expected value and ia  is a constant. An alarm signal is generated if iGT  exceeds 5o K and 
SCRAM signal is generated if iGT  exceeds 10o K. 
4.2. Online power estimation 
    In the case of PFBR, there are 217 fuel pins per SA. Pin spacer wires are prov ided for proper mixing  
of coolant which passes around the fuel pins. Considering the pressure drop, mixing and vibration, the 
spacer wire diameter is fixed as 1.65 mm and pitch is fixed as 200 mm for PFBR. 
    Even though spacer wires help  in mixing of sodium, the temperature profile is not  uniform with in  
the fuel subassembly. The fluctuation in the temperature read ing of central fuel subassembly increases 
with reactor power.  Hence a lookup table can be created with standard deviation of temperatures read 
by thermocouples of central fuel subassembly at different reactor power levels. As an example, such a 
typical lookup table is given in Tab le 2., which is generated based on the online experiments conducted 
for Fast Breeder Test Reactor.  Similar lookup table is envisaged for PFBR online power calculation.  
Based on this in formation, the expected power levels can  be predicted  at different operational stages of 
the reactor. If these expected power values are not matching with the neutronic power read ings by 
neutron flux measurement, then an alarm is generated at the control room.    
Table  2 A Typical Lookup Table to Show Fluctuations in SA Temperature 
Sl. 
No. 
 
Power 
 
 
Peak to Peak  
 
Sigma 
1 0   MWt 1 Degree 0.052 
2 8    MWt 2 Degree 0.463 
3 10  MWt 3 Degree 0.722 
5. Conclusion 
    The application of Computational Intelligence approaches in Fast Breeder Reactor for p lant 
monitoring and control has been discussed in the paper. The development and use of such techniqu es is 
critically important for the safe, reliab le and efficient operation of the reactor which is expected to 
operate semi-autonomously for long periods of time. 
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